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The  polarization can be easily m easured at LHC in the 1-prong hadronic  decay channelby m easuring what fraction
ofthe -jet m om entum is carried by the charged track. A sim ple cutrequiring this fraction to be > 0.8 retains m ost ofthe
P = + 1 -jet signalwhile suppressing theP = -1 -jet background and practically elim inating thefake  background.This
can beutilized to extractthecharged Higgssignal.Itcan bealso utilized to extracttheSUSY signalin thestau NLSP region
,and in particularthe stau co-annihilaton region.
1. Introduction
It is easy to m easure  polarization P as it is re-
ected in the kinem atic distribution ofitsdecay prod-
ucts. M oreover,the best channelfor m easuring  po-
larization is also the best channelfor  identication,
i.e. the 1-prong hadronic  decay channel. In particu-
lara sim plekinem aticcut,requiring thesinglecharged
prong to carry > 80% ofthe hadronic -jet m om en-
tum retains m ost of the P= + 1 -jet events, while
suppressing the P= -1 -jet background and practi-
cally elim inating the fake background from standard
hadronic jets. Interestingly the m ostim portantchan-
nelforcharged Higgsboson search atLHC isits de-
cay channel,H   ! 
 
R
R ,giving P = + 1. Sim ilarly
a very im portant part ofthe param eter space ofthe
m inim alsupergravity(m SUG RA) m odelhas ~B as the
lightestsuperparticle,whilethenexttothelightestone
is a stau(~1) with a dom inant ~R com ponent. In this
case one expectsthe supersym m etric(SUSY)signalat
LHC to contain a P = + 1  from the cascade decay
ofsquarks and gluinos via ~1 ! 
 
R
~B . In both cases
one can use the above kinem atic cut to enhance the
P = + 1 signaloverthe P =   1 background aswell
asthe fake background.
The paper is organised as follows. In section 2 we
sum m arise the form alism of  polarization in the 1-
prong hadronic decay channel and discuss how the
abovem entioned kinem atic cutretainsm ostofthe de-
tectableP = + 1-jetsignalwhilesupressingtheP= -
1 -jetaswellasthefake-jetbackgrounds.Section 3
briey introducestheSUSY search program m eatLHC
viaSUSY aswellasSUSY Higgs(and in particularH  )
signals. In section 4,we describe the m ostim portant
H  signalin both m H  < m t and m H  > m t re-
gions, which contains a hard  with P = + 1 from
the abovem entioned H  decay. In section 5 we show
M onteCarlosim ulationsusing theabovekinem aticcut
for extraction ofthe H  signalat LHC for both the
m H  < m t and m H  > m t regions. In the lattercase
we also briey discuss a corresponding kinem atic cut
forextracting the m H  signalin the 3-prong hadronic
decay channelof.In section 6 webriey describethe
SUSY signalcom ing from theabovem entioned cascade
decay propcess. W e also em phasize a very im portant
partofthe SUSY param eterspace,called the stau co-
annihilation region,where the signalcontainsa soft
with P = + 1. In section 7 we show the use ofthe
kinem atic cut for extracting the SUSY signalatLHC
in the1-prong hadronic-decay channel,with particu-
larem aphsison the stau co-annihilation region.
2. Polarization:
The best channelfor - polarization is its 1-prong
hadronicdecaychannel,accountingfor50% ofitsdecay
width.O ver90% thiscom esfrom
 ! 

(12:5% ); (26% );a
1
(7:5% ); (1)
where the branching fraction for  and  include the
sm allK and K  contributions,which haveidenticalpo-
larization eects[1].TheCM angulardistributionsof
2 AuthorA,...
 decay into  and vector m eson v(= ;a1) is sim ply



















m 2 + 2m
2
v
(1 P cos) (2)
where L,T denote the longitudinaland transverse po-
larization statesofthevectorm eson.Thefraction x of
the laboratorym om entum carriedbyitsdecaym eson,








in the collinear approxim ation(p  m ). It is clear
from eqs.2 and 3 that the relatively hard partofthe
signal(P= + 1)-jetcom esfrom the;L and a1L con-
tributions, while for the background(P= -1) -jet it
com es from the T and a1T contributions[2]. Note
thatthisisthe im portantpartthatwould passthe pT
threshold fordetecting -jets.
O ne can sim ply understand the above feature from





it favors forward(backward)em ission of
orlongitudinalvectorm eson,while itisthe otherway







.Afterboosting back to the laboratory fram e
the forward em itted m eson becom esthe leading parti-
cle,giving a hard -jet.
Now theT and a1T decaysfavorequalsharingofthe
m om entum am ong the decay pions,while the L and
a1L decays favor unequalsharing,where the charged
pion carrieseither very little orm ostofthe -jet m o-
m entum .Thusplotted asa function ofthem om entum





the longitudinal and a1 contributions peak at very
low ofhigh R(< 0.2 or > 0.8),while the transversecon-
tributions peak in the m iddle [2,3]. This is shown
in Fig. 1 [3]. Note that the  !   contribution
would appearasa delta function atR= 1 in thisgure.
The low R peaks ofthe longitudinal and a1 contri-
butionsarenotdetectablebecauseofthem inim um pT
requirem ent on the charged track for -identication
(R > 0.2). Now m oving the R cut from 0.2 to 0.8 cuts
outthe transverse  and a1 peaks,while retaining the
detectable longitudinalpeak along with the single 
contribution. Thanksto the com plim entarity ofthese
two sets ofcontributions,one can eectively suppress
Figure 1. Distributions of ! ;a1 events in the
fractionalhadron(-jet) energy-m om entum carried by
thecharged prong X 0 R[[3],[4]].Notethat !  
contribution correspondsto a delta function atX 0= 1
theform erwhileretainingm ostofthelatterbyasim ple
cuton the ratio
R > 0:8: (5)
Thus one can suppress the hard part of the  jet
backround(P= -1) while retaining m ost of it for the
detectable signal(P = + 1),even without separating
the dierent m eson contributions from one another [
3]. This is a sim ple but very powerfulresult partic-
ularly for hadron colliders, where one cannot isolate
the dierent m eson contributions to the -jet in (1).
The result holds equally wellfor a m ore exact sim u-
lation ofthe -jetincluding the nonresonantcontribu-
tions. It should be noted here that the sim ple polar-
ization cut(5) suppresses not only the p =   1 -jet
background,but also the fake -jet background from
com m on hadronic jets. Thisis particularly im portant
for -jets with low pT threshold of15-20 G eV,as we
shallneed forSUSY search in the stau co-annihilation
region in section 7.Im posing thiscutreducesthe fak-
ingeciency ofhadronicjetsfrom 5-10% leveltoabout
0.2% . The reason is that a com m on hadronic jet can
fake an 1-prong -jet by a rare uctuation,when all
but one ofthe constituent particles(m ostly pions) are
neutral. Then requiring the single charged particle to
carry m ore than 80% ofthe totaljetenergy requiresa
second uctuation,which iseven rarer.
3.SU SY and SU SY H iggs searches at LH C
The m inim al suupersym m etric standard
m odel(M SSM ),hasbeen them ostpopularextension of
the standard m odel(SM ) for four reasons. It provides
(1)a naturalsolution to the hierarchy problem ofthe
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electroweak sym m etry breaking(EW SB) scale of the
SM ,(2)a natural(radiative)m echanism forEW SB,(3)
a naturalcandidateforthedark m atteroftheuniverse
in term s of the lightest superparticle(LSP), and (4)
unication ofthe gauge couplings at the grand uni-
cation(G UT)scale. Therefore,there isa greatdealof
current interest in probing this m odelat LHC.This
is based on a two-prong search strategy. O n the one
hand we are looking for the signalof supersym m et-
ric (SUSY) particle production atLHC.O n the other
hand wearealso looking forthesignaloftheextended
Higgsbosn sectorofthe M SSM ,and in particularthe
charged Higgsboson(H  ).W eshallseebelow thatthe
 channelplays a very im portant role for both SUSY
and the H  signals and one can use the abovem en-
tioned  polarization eect in extracting both these
signalsatLHC.
4.H  Signal
Asm entioned above,the M SSM containstwo Higgs
doubletsH u and H d,theratioofwhosevevsisdenoted
bytan.Thetwocom plexdoubletscorrespondto8de-
greesoffreedom ,3 ofwhich areabsorbed asG oldstone
bosonsto give m assesand longitudinalcom ponentsto
the W  and Z bosons. This leaves 5 physicalstates:
two neutralscalarsh and H ,a pseudo scalarA and a
pairofcharged Higgsbosons
H




W hileitm aybehard todistinguish anyoftheseneutral
Higgsbosonsfrom thatofthe SM ,the H  paircarry
the distinctive hallm ark ofthe M SSM .Hence the H 
search playsavery im portantrolein probingtheSUSY
Higgssector[4].Allthetreelevelm assesand couplings
ofthe M SSM Higgsbosonsaregiven in term softan
and any one oftheir m asses,usually taken to be m A .




= m 2A + m
2
W : (7)














m  tan: (8)
Assum ingtheH  tbcouplingtorem ain perturbativeup
to the G UT scaleim plies1 < tan < m t=m b.





tan  mt=m b ’ 50,driven by the m t and m b term s




m t=m b  7; (10)
which isoverwhelm ed by theSM decay t! bW .Eq.8
also im pliesthatthedom inantdecay m odeforthisH 




  R ; P = + 1 (11)
wherethepolarization followssim ply from angularm o-
m entum conservation, requiring the   to be right





  R ; P =   1 (12)
since the   is now required to be left-handed. O ne
can use the opposite polarizations to distinguish the
H  signalfrom the SM background [2,3].In partic-
ular one can use the kinem atic cut,m entioned in the
introduction,to enhance the signal/background ratio
and extend the H  search at LHC over the interm e-
diate tan range (10), which would not be possible
otherwise[3].
Form H  > m t,the dom inantproduction processat
LHC isthe LO process
gb! tH
  + h:c:: (13)
The dom inant decay channelis H   ! tb,which has
unfortunatelyaverylargeQ CD background.Byfarthe
m ostviablesignalcom esfrom thesecond largestdecay
channel(11),which hasa branching fraction of> 10% in
the m oderate to large tan(> 10) region. The largest
background com esfrom ttproduction,followed by the
decay ofoneofthetop quarksintotheSM channel(12).
O ne can again exploit the opposite  polarizations to
enhance the signal/background ratio and extend the
H  search to severalhundreds ofG eV for tan > 10
[5,6,7]. This willbe discussed in detailin the next
section.
5. polarization in the H search
A parton levelM oneCarlo sim ulation oftheH  sig-
nalin them H  < m t region [3]showed thatusing the
polarization cut(5)enhancesthesignal/background ra-
tion substantially and m akesitpossible to extend the
H  search atLHC overm ostoftheinterm ediatetan
region(10).Thishasbeen conrm ed now by m oreexact
sim ulationswith particle leveleventgenerators. Fig.2
4 AuthorA,...
shows the H  discovery contours at LHC using this
polarization cut[7].Theverticalcontouron leftshows
H  discovery contourvia t! bH decay.Them ild dip
in them iddleshowstherem aining gap in thisinterm e-
diate tan region.
Figure 2. The 5 H  boson discovery contours of
the ATLAS experim entatLHC from t! bH  ;H  !
 (vertical);gb ! tH   ;H   !   (m iddle horizon-
tal)and gb! tH   ;H   ! tbchannel[7].
For m H  > m t, the signal com es from (13) and
(11),while the background com esfrom ttproduction,
followed by the decay of one top into(12). To start
with the background is over two orders ofm agnitude
larger than the signal;but the signalhas a harder -
jet. Thus a p
   jet
T
> 100 G eV cut im proves the sig-
nal/background ratio.Fig.3 showsthe R(X 0)distribu-
tion ofthe resulting signaland background. O ne can
seethatincreasingtheR cutfrom 0.2 to 0.8 suppresses
the background substantially while retaining m ost of
the detectable(R> 0.2) signalevents. The rem aining
signaland background can be separated by looking at
their distributions in the transverse m ass ofthe -jet
with them issing pT ,com ing from theaccom panying .
Fig.4 shows these distributions from a recent sim ula-
tion[6]using PYTHIA M ontecarlo eventgeneration[8],
interfaced with TAUOLA[9]for handling  decay. O ne
can clearly separate the H  signalfrom the W back-
ground and also m easurethe H  m assusing thisplot.
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Figure 3. The LHC cross section for a 300 G eV H 
signalattan = 40shown alongwith thettbackground
in the 1-prong -jet channel,as function ofthe -jet
m om entum fraction X 0(R)carried by thecharged pion [
4].
10% ,which acounts for 2/3rd ofinclusive 3-prong -
decay (including neutrals). Excluding neutrals eec-
tively elim inates the fake -jet background from com -
m on hadronicjets.About3/4ofthebranchingfraction
foreq.14com esfrom a1.Them om entum fraction R of
 00 channelis equivalent to the m om entum frac-
tion carried by the unlike sign pion in a1 ! 
  
channel. Thus one sees from Fig.1 that one can re-
tain the a1L peak while suppressing a1T by restricting
this m om entum fraction to < 0.2,which is accessible
in this case. This willsuppress the hard -jet back-
ground eventsfrom P =   1 while retaining them for
theP = + 1 signal.Thissim pleresultholdseven after
the inclusion ofthe non-resonantcontribution.
Fig.5 shows the H  discovery contours ofLHC us-
ing 1-prong and (1+ 3)-prong channels[6].O ne seesa










W e shall concentrate in the m SUG RA m odel as
a sim ple and well-m otivated param etrization of the
M SSM .Thisis described by fourand halfparam eters
































Figure 4. The num ber ofevents are shown against
transverse m ass m T for signaland background for 1-




> 100 G eV,R > 0.8 and E=
T
> 100 G eV.The
m assesofcharged Higgsare300G eV and 600G eV and
tan= 40.[6].
[10],
m 0;m 1=2;A 0;tan and sgn() (15)
the rst three representing the com m on gaugino and
scalarm assesand trilinearcoupling atthe G UT scale.
Thetan standsfortheratio ofthetwo Higgsvacuum
expectation values. The last one denotes the sign of
the higgsino m assparam eterwhosem agnitude isxed
by the radiativeEW SB condition described below.All
the weak scale superparticlem assesare given in term s
ofthese param etersby the renorm alization group evo-
lution(RG E).In particular the gaugino m asses evolve
likethe corresponding gaugecouplings.Thus
M 1 = (1=G )m 1=2 ’ 0:4m 1=2;
M 2 = (2=G )m 1=2 ’ 0:8m 1=2; (16)
representthebino ~B and wino ~W 3 m assesrespectively.
A very im portantweak scalescalarm ass,appearing in
the radiativeEW SB condition,is

2 + M 2Z =2=









where the lastequality holdsattan > 5,favored by




















Figure 5. The 5 H  discovery contours at LHC





(dashed) for H  ! , with 1 and 3 prong
hadronicdecay of [6].
turning negative by RG E triggersEW SB,as required
by(17).The RHS isrelated to the G UT scale param -
etersby the RG E,












The tiny co-ecientofm 20 resultsfrom an alm ostex-
actcancellation ofthe G UT scale value by a negative
top yukawa(yt)contribution. W e see from eq.(16-18)
that apart from a narrow strip ofm 0 > > m 1=2,the
m SUG RA param eterspacesatisesthem asshierarchy
M 1 < M 2 < : (19)
Thus the lighter neutralinos and chargino are dom i-





’ ~W 3; (20)
while the heavieronesare dom inated by the higgsino.
The lightestneutralino ~01( ~)isthe LSP.
The ligtestsferm ionsare the right-handed sleptons,










The Yukawa coupling contribution drivesthe ~R m ass
still lower. M oreover, the m ixing between the ~L ;R
states,represented by the o-diagonalterm ,
m
2
L R = m (A  +  tan); (22)
drivesthelighterm asseigenvaluesfurtherdown.Thus
the lighterstau m asseigenstate,
~1 = ~R sin~ + ~L cos~; (23)
6 AuthorA,...
ispredicted to be the lightestsferm ion.M oreover,one
sees from eq.16,19 and 21 that ~1 is predicted to be
the next to lightest superparticle(NLSP) over halfof
the param eterspace
m 0 < m 1=2: (24)













Thedom inanceofthe ~R com ponentin ~1 im pliesthat
the polarization
P ’ + 1; (27)
while P0 ’ -1. W e shallsee in the next section that
the polarization eect can be utilized to extract the
SUSY signalcontaining a positively polarized  from
eq.(25,26).
A very im portant part of the abovem entioned pa-
ram eter space is the stau co-annihilation region [11],
wherethe ~B LSP co-annihilateswith a nearly degener-
ate ~1,~
0
1~1 ! ,to givea cosm ologically com patible
relic density [12].The m assdegeneracy m ~1 ’ m ~0
1
is
required to hold to  5% ,sincethefreezeouttem epar-
ture is  5% ofthe LSP m ass. Because ofthis m ass
denegenercay the positively polarized  lepton com ing
from eqs.( 25,26) is rather soft. W e shallsee in the
nextsection how thepolarization eectcan beutilized
to extractthesoft signaland alsotom easurethetiny
m assdierencebetween the co-annihilating particles.
7. polarization in SU SY search:
The polarization of com ing from the ~1 decay of
eqs.25 and 26 is given in the collinear approxim ation
by [13]
P =
 (R )   (L )



































where the 1stand 2nd subscriptofaij referto ~i and
~0j;and
~  ~01 = N 11
~B + N 12 ~W 3 + N 13 ~H d + N 14 ~H u (29)





N 11 tanW sin~,im plying P  + 1.In
factin the m SUG RA m odelthere isa cancellation be-
tween thesubdom inantterm s,sothatonegetsP > 0.9
throughtout the allowed param eter space[14]. M ore-
over,in the ~1 NLSP region ofeq.(24) P > 0.95,so
that one can approxim ate it to P = + 1. The polar-











N 22 cos~,im plying P0    1.
Thereisa sim ilarcancellation ofthesubdom inantcon-
tributions,leading to P0 <   0:95 in the ~1 NLSP re-




















































Figure 6. B R(~W 1 ! ~1) is shown as contour
plots(dashed lines) in m 0 and m 1=2 plane for A 0 =
0,tan = 30 and positive . The kinem atic bound-
aries(dotted lines) are shown for ~W 1 ! W ~Z1 and
~W 1 ! ~1 decay. The entire region to the right of
theboundary(dot-dashed line)correspondsto P > 0.9.
Theexcluded region on therightisdueto the ~1 being
the LSP while thaton the leftisdue to the LEP con-
straintm ~W 
1
> 102 G eV[14]. Note that here ~W 1 and
~Z1 correspond to ~

1
and ~01 in the text.
showsthatP is> 0.9 for ~1 !  ~
0 decay throughout
them SUG RA param eterspace[14].Italso showsthat
thebranchingfraction ofthedecay(25)islargeoverthe
~1 NLSP region ofeq.(24),so thatone expectsa large
partofthe SUSY signalin the E=
T
channelto contain
a -jet with P= + 1. Fig.7 shows the R distribution













































Figure 7. The norm alised SUSY signalcrosssections
for P= 1(solid line), 0(dotted lines) and -1( dashed
lines) in the 1-prong hadronic -jet channelshown as
functions ofthe  jet m om entum fraction (R) carried
by the charged prong[14].
ofthis P= + 1 -jetatLHC[14]. Forcom parison the
R-distributionsarealso shown forP= 0 and -1 forthis
-jet.Thusonecan testthe SUSY m odelorcheck the
com position of~1(~
0)by m easuring thisdistribution.
Letusconcludeby briey discussing theuseof po-
larization in probing the stau co-annihilation region at
LSP,corresponding to m ~1 ’ m ~0
1
[15]. This is one
ofthe very few regions ofm SUG RA param eter space
com patible with the cosm ologicalm easurem entofthe
darkm atterrelicdensity,and theonly onewhich isalso
com patiblewith them uon m agneticm om entanom aly[
16]. It corresponds to a narrow strip adjacent to the
lowerboundary ofFig.6,which can be totally covered
at LHC.Therefore,the stau co-annihilation region is
a region of specialinterest to the SUSY search pro-
gram m eatLHC.In particularoneislooking fora dis-
tinctive signature,which willidentify the SUSY signal
atLHC tothisregion and alsoenableustom easurethe
tiny m assdierence between the co-annihilating parti-
cles,M = m ~1   m ~0
1
. Such a distinctive signature
is provided by the presence ofa soft (P = + 1) -jet
from the ~1 !  ~
0
1 decay ofeqs.(25,26)in the canoni-
calm ultijet+ E=
T
SUSY signal. Fig.8 [15]showsthe
pT distributions ofthis soft (P = + 1))  jet signal
along with the (P =   1) -jet background com ing
m ainly from the ~02 decay ofeq.(26)and W decay. It
also showsa signicantfake background from theac-
com panying hadronic jetsin these events.Fig.9 shows
thattheR > 0.8 cutofeq.(5)eectively suppressesthe
(P =   1) background to a little over halfthe signal





































Figure 8. pT (in G eV) ofsoftest -jet for signaland
background processes[15].
A distinctive signalwith a very steep slope is clearly
sticking abovethebackground atthe low pT end.O ne
can use thisslope to extractthe signalfrom the back-
ground  jetsat3 levelwith a 10fb
  1
lum inosity run
ofLHC,going upto 10 with lum inosity of100fb
  1
.
M oreover,onecan estim ateM to an accuracy of50%
at the  1.5 levelwith 10fb
  1





The polarization can beeasily m easured atLHC in
its1-prong hadronicdecay channelby m easuring what
fraction ofthe hadronic -jetm om entum iscarried by
thecharged prong.A sim plecutrequiring thisfraction
to be> 0.8 retainsm ostofthedetectableP = + 1 -jet
events,while eectively suppressing the P = -1 -jet
eventsand practically elim inating thefake-jetevents.
W eshow with thehelp ofM onteCarlosim ulationsthat
this cut can be eectively used for (1)Charged Higgs
boson and (2) SUSY searches at LHC.(1) The m ost
im portantchannelforthe H  signalatLHC contains
aP = + 1-jetfrom H
 !  decay.Theabovepolar-
ization cutcan eectively suppressthe P =   1 -jet
background from W decay,whileretaining m ostofthe
detectable signal(P = + 1)-jetevents. So itcan be
used toextracttheH  signalatLHC.(2)O verhalfthe
m SUG RA param eterspace the NLSP isthe ~1,which






































Figure9. Sam e asFig.8,butwith R cut(> 0.8)[15].
LSP()isdom inantly bino.In thisregion a largepart
ofthe SUSY cascadedecay ispredicted to proceed via
~1 ! ,giving a P = + 1 -jetalong with thecanon-
icalE=
T
+ jets. O ne can use the above polarization cut
to extractthisSUSY signal.A very im portantpartof
thisregion isthe co-annihilation region,corresponding
to m ~1 ’ m .So the P = + 1 -jetsignalisexpected
to besoftin thisregion.However,onecan usethispo-
larization cutto extractthissignalfrom the P =   1
-jetand fake -jetbackgrounds,and also to m easure
the sm allm ass dierence between the co-annihilating
superparticles.
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